Antibody-conjugated magnetic nanoparticles (Ab-MNPs) have received considerable attention in bioseparation and clinical diagnostics assays due to their unique ability to detect and isolate a variety of biomolecules and cells. Because antibodies can be expensive, a key challenge for bioconjugation is to determine the optimal amount of antibodies with reasonable antigen-capturing activity. We designed an approach to determine the minimum amounts of antibodies for efficient coating. Different quantities of Herceptin (anti-human epidermal growth factor receptor 2: HER2) antibody were applied and immobilized on the surface of MNPs. Antibody binding was then checked by using an anti-human antibody conjugated with fluorochrome and flow cytometry. When the ratio of MNPs to antibodies increased from 0.79 to 795.45, mean fluorescence intensity (MFI) of conjugated MNPs decreased markedly from 185.56 to 20.07, indicating lower surface antibody coverage. We then investigated the relation between antibody content and isolation efficiency. Three Ab-MNP samples with different MFI were used to isolate SK-BR-3, a HER2-positive breast cancer cell line, from mixtures of whole blood or mononuclear cells. After isolation in a magnetic field, separation efficiency was evaluated by fluorescence microscopy and flow cytometry-based techniques. Our results collectively showed that the amount of anti-HER2 antibodies for conjugation with MNPs could be decreased by as much as one-fifteenth without compromising isolation efficiency, which in turn can reduce the cost of immunoassay biosensors.
Introduction
The ability of antibodies (Abs) to bind to specific antigens is an area of interest in efforts to target cellular and molecular markers, particularly in the context of diagnostics and therapeutic applications [1, 2, 3] . An innovative approach in antibody-based capture assays is their immobilization on the surface of nanoparticles to exploit their unique nanoscale properties. A variety of nanoparticles including polymers [4] , gold nanoparticles [5] , quantum dots [6] , silica nanoparticles [7] and magnetic nanoparticles (MNPs) [8] have been used to obtain conjugates with Abs.
MNPs have shown promise in biotechnology due to their low toxicity, superparamagnetism, high surface area and simple separation [9, 10, 11, 12] . While, the high viscosity and large sizes of microbeads prevented their efficient interaction with cell surfaces, the higher surface area rather than microparticles and an efficient nano sizes of nanoparticles facilitate the bioseparation and purification of a variety of biomacromolecules and cells [13] including proteins [14] , nucleic acids [15] , viruses [16] , bacteria [17, 18] , and cancerous cells [19] . They have also been applied for drug delivery [20, 21] , magnetic resonance imaging [22, 23, 24, 25] , hyperthermia [26] , diagnosis and treatment in various cancers [27, 28, 29, 30] , and magnetic separation [31, 32] .
In most cases, MNPs for specific targeting are coated with Abs. The main parameters which should be considered in the performance and targeting capability of these MNPs are the orientation of Abs on the surface, the immobilization strategy, and the antibody load [33] . Ideally, to ensure accessibility of the antigen binding fragment (Fab), Abs should be conjugated on the surface through their fragment crystallizable (Fc) region, which makes the Fab region available for antigen recognition, as explained in an earlier publication [34] . Another key parameter is surface density (which has been shown to provide an accurate) estimate of antibody activity [33, 35] . In this regard and in an experimental set-up, Saha et al. immobilized several concentrations of anti-troponin Ab on the surface of MNPs and compared their antigen-capturing capacities in undiluted blood. Their results indicated that for optimal antigen-capturing activity, antibody concentration should be lower than those which led to a tightly packed layer [36] . Similarly, Puertas et al. also showed that higher antibody density on the surface had a negative impact on antigen-binding activities [37] . Despite these findings, orientation and density have not been studied in depth for many Abs. The available data for antibody conjugation specifically for human epidermal growth factor receptor 2 (HER2) on the surface of MNPs have been obtained mostly with specific amounts of antibodies [13, 38, 39, 40] , but to the best to our knowledge data are still lacking for comparisons of different amounts of Abs on the surface of MNPs and their effects on antibody activities.
HER2, which is overexpressed in 10-25% of breast cancers, has become an area of interest in the detection of cancer cells [41] . The available data on antibody binding specifically on the surface of MNPs have been obtained mostly with specific amounts of anti-HER2 [13, 39, 40] . Therefore, the present study was designed to develop a strategy to modify the MNP surface with amine groups in order to facilitate conjugation with the C-terminal region of Abs via ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry. We then used flow cytometry as a fast and reliable technique to assess the efficiency of Ab coating. In addition, we evaluated the effect of different amounts of Abs on the surface of MNPs on the separation efficiency of HER2þ breast cancer cells (SK-BR-3) to determine the optimal amount of anti-HER2 for conjugation without compromising antigen-capturing activity, with a view to devise cost-effective immunomagnetic platforms.
Materials and methods

Chemicals and reagents
Iron oxide MNPs (Fe 3 O 4 ), 20-30 nm in diameter, 98% purity and coated with 1% polyvinylpyrrolidone (PVP) were purchased from US Research Nanomaterials, Inc. (USA). Herceptin was purchased from Roche (Germany). (3-aminopropyl) trimethoxysilane (APTMS), N-ethyl-N 0 -(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and Nhydroxysuccinimide (NHS) were obtained from Sigma Aldrich (Germany). Phycoerythrin (PE)-conjugated mouse anti-human epithelial cell adhesion molecule (PE-anti-EpCAM) and fluorescein isothiocyanate (FITC)-conjugated mouse anti-human IgG antibody were provided by BD Biosciences (USA). Conjugated anti-human CD45 antibody (FITC-anti CD45) and 7-amino-actinomycin D (7-AAD) were obtained from Bio-Legend (USA). Carboxyfluorescein succinimidyl ester (CFSE) was purchased from Invitrogen (USA). Materials for cellular studies including fetal bovine serum (FBS), trypsin-EDTA (0.25%), penicillin-streptomycin and RPMI-1640 were purchased from Biosera (France). The human breast cancer cell line SK-BR-3 was obtained from the Pasteur Institute of Iran (Tehran, Iran). All chemicals were used directly without any further purification unless otherwise stated.
Functionalization of MNPs
MNPs underwent surface functionalization to provide amine groups (-NH2) on their surface to covalently bind to carboxyl groups (-COOH) of the Abs. Accordingly, we used APTMS for MNP coating with silane as previously reported [34, 42] . Briefly, 1 g MNPs was sonicated in 50 mL dried toluene; then 4 mL APTMS was added to the mixture, stirred at 80 C under reflux condensation, and left to react for 4 days. The MNPs were then collected with an external magnet and washed thoroughly three times with acetone and ethanol. Silane-coated MNPs were obtained after vacuum drying at 50 C within 24 h. A schematic of the experimental procedure is shown in Figure 1 . The coating was then evaluated through different techniques as reported in our previous study [34] . The size and morphology of silane-coated MNPs were also examined with transmission electron microscopy (TEM) (Philips, model CM10, Netherlands). The slightly larger size (around 50 nm) compared to naked MNPs (20-30 nm as reported by the manufacturer) confirmed appropriate coating of MNPs with APTMS ( Figure 2 ). The zeta potential of different samples was measured with a zeta potential analyzer (Microtrac, USA) at room temperature after dilution and sonication in deionized water (pH ¼ 7) prior to measurement.
Conjugation of MNPs with Herceptin
Covalent coupling of Herceptin to amino-functionalized MNPs was followed by the procedure described previously [34] . Briefly, to activate Herceptin, NHS (12 mg, 0.1 mol) and EDC (8 mg, 0.04 mol) were dissolved in 50 μL deionized water and added to different amounts of Herceptin at a concentration of 22 mg/mL ( Table 1 ). MNPs (0.7 mL, 2.5 mg/mL) were then mixed with activated Herceptin and stirred continuously for 4 h at room temperature. The solution was washed three times with PBS 1Â to elute EDC/NHS and unreacted Abs, then purified on a magnetic separator with a magnetic gradient of 0.5 T/m for 15-20 min. Finally, Ab-MNP conjugates were resuspended in storage buffer (PBS 1Â containing 0.1 % FBS and 0.05 % sodium azide) at a concentration of 0.9 mg/mL.
Analyzing the conjugation of antibody to MNPs
To verify attachment of the Herceptin to MNPs, flow cytometry and energy dispersive X-ray spectroscopy (EDX) (Tescan VEGA3 instrument, Czech Republic) were used as previously described [34] . For flow cytometry assessment, Ab-MNP conjugates were first incubated on ice and ultrasonicated at a frequency of 15-20 kHz for 1 min (10 s off, 10 s on). Then a volume of 40 μL sonicated Ab-MNP conjugates was placed in a flow cytometry tube, stained with FITC mouse anti-human IgG antibody, and stored in the dark for 20 min at room temperature. A tube containing unconjugated MNPs was also used as a negative control. The tubes were washed with 2 mL PBS 1Â and centrifuged at 300Â g for 5 min. Cell populations were then acquired on a FACSCalibur flow cytometer (BD Biosciences, USA). Antibody binding to MNPs was also assessed with Fourier transform infrared spectroscopy (FTIR) (Bruker VERTEX 70v spectrophotometer, USA) and a zeta potential analyzer (Microtrac).
Cell culture
The human breast cancer cell line SK-BR-3 was cultured in culture flasks containing RPMI-1640 medium supplemented with 20% heatinactivated FBS and 1% streptomycin/penicillin (10,000 units/mL, 10 mg/mL). The cells were then kept under a 5% CO 2 humidified atmosphere at 37 C in a cell culture incubator. When the cells reached 80% confluency, they were treated with 0.25 trypsin/EDTA solution, harvested, resuspended in fresh medium and prepared for testing. To measure cell viability, 10 μL of the cell suspension was mixed with 10 μL trypan blue dye and applied on a hemocytometer. The number of viable cells was then recorded under an inverted microscope as a shiny unstained cells.
Isolation of SK-BR-3 cells from a mixture of peripheral blood mononuclear cells
We then used a flow cytometry-based technique to evaluate the efficiency of Ab-MNP conjugates in the separation of SK-BR-3 cells from a mixture of peripheral blood mononuclear cells (PBMCs). Ultrasonicated Ab-MNPs (20 μL) were added to a suspension of 4Â10 5 SK-BR-3 cells mixed with 2Â10 6 PBMCs in a total volume of 100 μL (isolated by Ficoll-Hypaque density gradient) and incubated for 2 h at room temperature with stirring. The PBMCs and unreacted SK-BR-3 cells were then washed out 3 times with PBS 1Â on the magnet for 15 min. For each reaction, similar tubes without magnetic separation were used simultaneously as controls. To assess the phenotype of captured cells, 10 μL PE-anti-EpCAM and FITC-anti-CD45 was added to both experimental and control tubes, which were then stored in the dark for 20 min at room temperature. After MNPs: magnetic nanoparticles, Ab: antibody, MFI: mean fluorescence intensity. MNPs: magnetic nanoparticles, Ab: antibody. washing with 2 mL PBS 1Â (650 Âg for 5 min), the cells were stained with 10 μL 7-AAD to exclude dead cells and incubated for 10 min in the dark at room temperature. Finally, 300 μL PBS 1Â was added to all tubes, and cell populations were acquired on a four-color FACSCalibur flow cytometer (BD Biosciences).
Isolation of SK-BR-3 cells from a mixture of fresh human whole blood
To compare the experimental results with a real-life situation, we also assessed the efficiency of Ab-MNP conjugates in isolating SK-BR-3 cells from a mixture of fresh human whole blood. For this purpose, SK-BR-3 cells were pre-labeled with CFSE according to the manufacturer's staining protocol. As a live cell-staining fluorescent dye, CFSE changes the color of cells to green under fluorescent light. Then 1Â10 5 CSFElabeled SK-BR-3 cells was spiked into 1 mL fresh human whole blood and incubated with 90 μL Ab-MNPs, with stirring for 1 h at room temperature. After that a magnet was applied on sample tubes to isolate target cells from whole blood. After 15 min of magnetic separation, the supernatant was discarded, and the cells attached to the tube were carefully collected. The pellet was resuspended in 100 μL PBS 1Â and examined with fluorescence microscopy (Olympus BX61, Japan). 3. Results and discussion
Conjugation of Herceptin to MNPs
One of challenging issues in antibody binding on MNPs is the orientation of Abs on the MNP surface, which may be related to the conjugation strategy used. Covalent coupling through functional groups such as carbohydrates, thiols, amines or carboxyls is the most common method. To take advantage of carbohydrate chains in the Fc region of Abs, periodate-mediated oxidation has been used to target diols in carbohydrates and yield aldehyde groups. These aldehyde-activated groups can then react with functionalized MNPs, which contain primary amines. The lack of carbohydrates in some Abs and the need for modification, which may lead to oxidization of some other critical amino acids, are the main drawbacks associated with this method. In another method, free sulfhydryl groups are obtained by cleaving the disulfide-bridged cysteines positioned in the antibody hinge region, which subsequently react with maleimide-or iodoacetyl-activated MNPs. Because the tertiary structure of Abs comprises cysteine residues, despite high stability, antibody conjugation to MNPs with this method can disrupt antibody conformation [43, 44, 45] .
One of the most popular alternative approaches for covalent attachment is the use of primary amine functional groups with lysine side chains. Amide bond formation involves the use of EDC/NHS as a cross-linking agent to provide coupling with MNPs bearing carboxylic groups on their surface. Despite high efficiency, because these amine groups are mostly located within the antigen binding sites, the main potential drawbacks are occupation of antigen-binding sites [46] and low conjugation rate of Abs through amide bonds (24-27%) [43] . It was previously shown that when carbodiimide was used to functionalize carboxyl groups in MNPs to bind to amine groups in Abs, the availability of antibody binding site was less than 10% [44] . For this reason, in the present study the reverse antibody binding method was chosen. In this method we initially activated the carboxyl groups of the Herceptin antibody in the Fc region with EDC/NHS, and then added amine-functionalized MNPs (Figure 1 ). With this approach we expected antibody binding to MNPs to occur through their Fc regions, and consequently the Fab portions to remain active. After antibody conjugation by amide bands, the zeta potential of coated MNPs became more negative as a result of the reaction of amine groups in MNPs with carboxyl groups in Abs. As summarized in Table 2 , the zeta potential of MNPs decreased from À72.6 to À56.4 when they were coated with silane, due to the amine groups in silane. This reduction was greater after Ab coating due to the interaction of negatively charged carboxylic group in the Abs with amino groups in MNPs. When larger amounts of antibody were tested (T17 compared to T25), the Ab-MNPs charge in sample T17 was more negative (À69.1 mV vs. À59.2 mV). Therefore, the change in zeta potential confirmed covalent bonding of the antibody to MNPs through amide bonds.
The FTIR results also confirmed Herceptin conjugation to MNPs. As shown in Figure 3 for sample T19, characteristic Fe-O bonds were detected at 580 and 640 cm À1 related to stretching vibration, and a bond at 1000-1100 cm À1 indicated asymmetric stretching vibration of the Si-O groups. Another characteristic broad peak at 3200-3600 cm À1 may represent hydroxyl and amine groups. The peak around 1640 cm À1 reflected the C¼O bond and also antibody amide I; and the peak at 1546 cm À1 was assigned to the N-H bond of antibody amide II. These results confirmed covalent antibody binding to the MNP surface [39, 47, 48, 49] .
EDX was also used to confirm antibody binding to the surface of MNPs. Because Herceptin is enriched for carbon (C), oxygen (O), nitrogen (N) and sulfur (S), we expected the EDX spectra of antibody-coated MNPs to contain higher percentages of these components compared to naked MNPs. As shown in Figure 4 , the percentages of C, N, O and S in T17 were significantly higher than in naked MNPs (9.53, 6.52, 52.86, and 4.14 wt% vs. 4.6, 0, 40.07 and 1.04 wt%, respectively), suggesting successful antibody coating of the MNPs. Because of the larger numbers of antibody molecules on their surface, MNPs with a higher mean fluorescence intensity (MFI) were expected to have higher levels of C, N, O and S compared to those with lower MFI. To verify this assumption, the components of two samples, T17 (MFI ¼ 185.56) and T19 (MFI ¼ 110. 19 ), were compared with EDX. As seen in Figure 4 , the percentages of C, N, O and S were significantly lower in T19 than in T17 (7.19, 3.73, 45.83 and 1.73 wt% vs. 9.53, 6.52, 52.86, and 4.14 wt%, respectively). The lower values in T19 indicated the presence of lower amounts of Abs on the surface of MNPs.
Most previous studies used a fixed amount of antibody for conjugation, and only their binding and isolation ability were reported without specifying the binding rate or efficiency. In the present study we used different amounts of Herceptin for reaction with fixed amount of MNPs in the same conditions (Table 1 ). In addition, a flow cytometry-based technique was used to quantitatively determine antibody conjugation to MNPs. In addition to analyzing antibody binding to MNPs, direct measures of the proportion of binding are also reported numerically here. For this purpose, an anti-human IgG1 antibody conjugated to FITC fluorescent dye was used to assess the conjugation of Herceptin to MNPs. The differences in MFI between labeled and unlabeled MNPs were considered a criterion for determining the efficiency of Herceptin coating. The diagrams (blue lines) for different samples with different MFI values are shown in Figure 5 . To facilitate comparisons, purple-filled plots of MNPs without Herceptin are also shown in each panel. In all samples, even the lowest amount of Herceptin (0.002 mg) showed a shift in the geometric MFI for Herceptin-conjugated MNPs in comparison to negative controls (MNPs without Herceptin). The shifts demonstrated efficient antibody conjugation to MNPs in all quantities of Herceptin, though the binding rate decreased notably when the amount of antibody was reduced from 2.2 mg in T17 to 0.002 mg in T27. The highest MFI was 185.56 for T17, in which the largest amount of antibody was used, and the lowest MFI was 20.07 for T27, with the lowest concentration of antibody. Additionally, as summarized in Table 1 and Figure 5 , when the ratio of MNPs to antibody increased from 0.79 to 795.45, antibody binding to MNPs decreased markedly, with the result that T27 plot almost completely overlaps the plot for MNPs without Herceptin. This result indicates that further reduction in the amount of antibody would be undesirable. In most previous studies the primary goal was anti-HER2 binding to the surface of MNPs; we were unable to find studies that reported the effect of different amounts of this antibody, although the binding of different amounts of other Abs to MNPs has been assayed in earlier work [13, 48] . In the present study different amounts of antibody ranging from very small to large were tested to determine the optimum antibody concentration for effective binding. Reducing the antibody concentration in the binding reactions holds the potential to decrease the cost of developing these conjugates.
Isolation of SK-BR-3 cells with Herceptin-conjugated MNPs
We then evaluated the efficiency of MNPs with different amounts of antibody (different MFIs) in the separation of cells from PBMCs and blood cells. For this purpose, SK-BR-3, a breast cancer cell line, was selected as an example of HER2þ tumor cells. It has been reported that HER2 receptor expression on the surface of SK-BR-3 cells is more than 50to 100-fold greater compared to normal cells [13] . Magnetic particles with different MFIs, i.e. T17 (MFI ¼ 185.56), T19 (MFI ¼ 110. 19 ) and T25 (MFI ¼ 51.75), were selected and added to a mixture of PBMCs and SK-BR-3 cells. After 2 h, HER2þ cells attached to Ab-MNPs were separated magnetically, and the isolation efficiency was evaluated with flow cytometry. At the same time control tubes were assayed with the same numbers of PBMCs, Ab-MNPs and SK-BR-3 cells but without further washing or magnetic sedimentation. To distinguish SK-BR-3 cells from PBMCs, we used specific Abs against human EpCAM, which are expressed on tumor cells, and also CD45 as a leukocyte marker. Flow cytometric analysis, as shown in Figure 6 , showed that Herceptin-bound MNPs were able to separate cancer cells efficiently. Firstly, it showed that the antigen binding sites (Fab) in Herceptin were free and not occupied by MNPs, and MNPs were bound preferentially through the Fc region. In addition, a decrease in antibody levels from 2.2 mg in T17 to 0.55 mg in T19 had no significant effect on Ab-MNP separation. The percentages of SK-BR-3 cells isolated by T17 and T19 were 58.9% and 51.9%, respectively (Table 3 and Figure 6 ), and the isolation yield in both experiments was similar (71.8 % and 79.2%, respectively). In T25, with a much lower antibody load compared to T17, Ab-MNPs had virtually no ability to separate SK-BR-3 cells from PBMCs. Accordingly, given that the MFI of T19 and T21 were similar, T21 appears to be a more appropriate choice rather than T17 for cell separation since T21 contained one-fifteenth the amount of antibody presents in T17. These results collectively show that Abs can be titrated to use the smallest amount able to efficiently separate target cellsa potential advantage especially for costly Abs. This possibility was confirmed in previous studies that tested different amounts of Abs to isolate target cancer cells [47] .
Isolation of CFSC-stained SK-BR-3 cells from blood
In the next step, we tested the effect of different amounts of antibody on the separation efficiency of CFSE-labeled SK-BR-3 cells from peripheral blood. CFSE is a cell-permeable fluorescent dye which binds covalently to intracellular molecules through the succinimidyl group [50] , and which stains labeled cells green under fluorescence microscopy. For this purpose, three different Ab-MNPs, T17, T19 and T25, were evaluated for their ability to separate cancer cells from blood. After separation in a magnetic field, isolated cells were detected under fluorescence microscopy.
Examination of the microscopic images showed that all MNPs were able to isolate SK-BR-3 cells in the magnetic field, albeit with different efficiencies (Figure 7) . The images from all control samples (without magnetic separation) were dark, and no fluorescent cells were observed. The results of T19 and T17 were similar, but the numbers of SK-BR-3 cells isolated with T25 were less than 10% of the cells isolated with T19 or T17. These results are in line with our flow cytometry findings: in both experiments T19 and T17 MNPs, with an MFI of 110.19 and 185.56, respectively, performed much better than T25, with an MFI of 51.75. These results collectively confirmed the ability of MNPs to bind and separate cancer cells from blood.
Conclusion
To develop and optimize an immunomagnetic method for cell separation, we tested six different quantities of Abs bound through their carboxyl groups on amino-functionalized MNPs via EDC/NHS chemistry. The levels of conjugation, quantitatively characterized as MFI with flow cytometry, indicated that as the amount of Abs decreased, so did their binding on the surface of MNPs. The highest MFI measured in our samples was 185.56, and the lowest was 20.07, which corresponded respectively to T17 (2.2 mg) and T27 samples (0.002 mg). Assays of their target-binding abilities in blood and a mixture of lymphocytes and HER2þ SK-BR-3 breast cancer cells showed that MNPs with an MFI of 185.56 and 110.19 had similar separation efficiencies. However, the separation capacity of T25 (MFI ¼ 50) was much lower, probably because of the lower amount of Abs conjugated with MNPs. These results were verified with fluorescence microscopy. Our findings showed that the optimal amount of Herceptin as an anti-HER2 antibody for conjugation with MNPs could be reduced from 2.2 mg to 0.143 mg (less than onefifteenth) without compromising separation efficiency.
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